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(MJ. To delete tm complete STE23 sequence and 
crea»»»s*j23Ast*M3 mutation, pdymeraae chain 
reaction (PO* pnrners (5MCGGAAQACCTCAT- 
TCTTQCTCATTTTQ*»TATTGCT"C- TGTAGATTG- 

JACTGAGAGTQCAC-9': and 
6TOQACTTQAATGO00CQACATCT T03ACR3T* 

GOGGTATTTCACAOOG-y) w«rw used to empffy 
tit (jRAS Mqum of pRS3l6, and the reaction 
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SY262S hesjded 61s blowing «nsins: Y19Q 
(SY2626 made MA7oX Y278 (sra2?-f). VI 95 
(mrafa^taff). Y196 tsxf}A.riB£^ and Y197 
{jut 1zURA3\. The 68123 (M47s ua3 trp I can 1 
ArM) genetic background was used to craata a est of 
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Quantitative Monitoring of Gene Expression 
Patterns with a Complementary DNA Microarray 

Mark Schena,* Dari Sha!on f # t Ronald W. Davfs, 

Patrick O. Brown* 

A high-capacity system was developed to monitor the expression of many genes In 
parallel. Microarrays prepared by high-speed robotic printing of complementary DMAs on 
glass were used for quantitative expression measurements of the corresponding genes. 
Because of the small format and high density of the arrays, hybridization volumes of 2 
microlrters could be used that enabled detection of rare transcripts in probe mixtures 
derived from 2 micrograms of total cellular messenger RNA. Differential expression 
measurements of 45 Arabidopsis genes were made by means of simultaneous, two-color 
fluorescence hybridization. 



The temporal, developmental, topographi- 
cal, histological, and physiological patterns 
in which a gene is expressed provide clues to 
its biological role. The large and expanding 
database of complementary DNA (cDNA) 
sequences from many organisms (i) presents 
the opportunity of defining these patterns at 
the level of the whole genome. 

For these studies, we used the small flow- 
ering plant Arabidopsis thaliana as a model 
organism. Arabidopsis possesses many ad- 
vantages for gene expression analysis, in- 
cluding the tact that it has the smallest 
genome of any- higher eukaryote examined 
to date (2). Forry-five cloned Anibidopstj 
cDNAs (Table 1), including 14 complete 
sequences and 31 expressed sequence tags 
(ESTs), were used as gene-specific targets. 
We obtained the ESTs by selecting cDNA 
clones at random from an Arabidopsis 
cDNA library. Sequence analysis revealed 
that 26 of the 31 ESTs matched sequences 
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in the database (Table 1). Three additional 
cDNAj from other organisms served as con- 
trols in the experiments. 

The 48 cDNAs, averaging -1.0 kb, 
were amplified with the polymerase chain 
reaction (PCR) and deposited into indi- 
vidual wells of a 96-well mtcrotiter plate. 
Each sample was duplicated in two adja- 
cent wells to allow the reproducibility of 
the arraying and hybridization process to 
be tested. Samples from the microtiter 
place were printed onto glass microscope 
slides in an area measuring 3.5 mm by 5.5 
mm wich the use of a high-speed arraying 
machine (3). The arrays were processed by 
chemical and heat treatment to attach the 
DNA sequences to the glass surface and 
denature them (3). Three arrays, printed 
in a single lot, were used for the experi- 
ments here. A single microtiter plate of 
PCR products provides sufficient material 
to print at least 500 arrays. 

Fluorescent probes were prepared from 
total Arabidopsis mRNA (4) by a single 
round of reverse transcription (5). The Arc- 
bidopsis mRNA was supplemented with hu- 
man acetylcholine receptor (AChR) mRNA 
at a dilution of 1 : 10,000 (w/w) before cDNA 
synthesis, to provide an internal standard for 
calibration (5). The resulting fluorescently 
labeled cDN A mixture was hybridised to an 
array at high stringency (6) and scanned 
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with a laser (3). A high-*ensioviry scan gave 
signals that saturated the detector at nearly 
all of the Arabtiotais target sites (Fig. 1A). 
Calibration relative to die AChR mRNA 
itandard (Fig. IA) established a sensitivity 
limit of -1:50, 000. N detectable hybridiza- 
tion was observed to either the rat glucocor- 
ticoid receptor (Fig. IA) or the yeast TRP4 
(Fig. IA) targets even at die highest scan- 
ning senndvtry. A moderate^ensinviry scan 



of die same array allowed linear detection of 
the more abundant transcripts (Fig. IB). 
Quantitation of both scans revealed a range 
of expression levels spanning three orders of 
magnitude for the 45 genes tested (Table 2). 
RNA blots (7) for several genes (Fig. 2) 
corroborated die expression levels measured 
with die microarray to within a factor of 5 
(Table 2). 

Differential gene expression was invest i- 
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Fig. 1. Gene ©cpresakrirrKjnrtoredwtm the use erf c in 
pseuoocotor correspond to hytonozation int«nsitia&. Color bars wero caitoratec} rn>r the signal obtained 
with tte use of known corran^^ 

Jetten3 on the axes mark the position of each cOKA. (A) r^gh-aensitivity fluorescein scan after hybridization 
with fluoresceirviabetod cDNA derived from wfld-type piants. (B) Same array as in (A) but scanned et 
moderete sensttMty. (CarvjD) A sinr^ army was probed with a 1:1 mixture of Huorescerv labeled cDNA 
from wid-type piantt and Sssamine-iabeted cDNA from HAT4 -transgenic plants. The single array was 
then scanned success?^ to o^etf to mRNA from wild- type 

plants (C) and the Kssamine fluorescence cofTesponding to mRNA from HAT4 -transgenic plants (D). (E 
and F) A single array was probed wtth a 1:1 mixture of ftjoresoerv labeled cDNA from root tissue and 
bssamtne-tebeied cONA from teal tissue. The single array was then scanned successively to detect the 
ftjorescein fluorescence cc*respcnring to mRNAs expressed in roots (E) and the issamine fluorescence 
ccn-esccncing to mRNAs expressed in leaves (F). 



gated with a simultaneous, two-color hy- 
bridisation scheme, which served to mini* 
mize experimental variation inherent in the 
comparison of independent hybridisations. 
Fluorescent probes were prepared from two 
mRNA sources with the use of reverse tran- 
scriptase in the presence of fluorescein- and 
Ussamine-labeied nucleotide analogs, re- 
spectively (5). The two probes were then 
mixed together in equal proportions, hy- 
bridised to a single array, and scanned sep- 
arately for fluorescein and lissamine emis- 
sion after independent excitation of the rwo 
fluorophores (3). 

To test whether overexpression of a sin- 
gle gene could be detected in a pool of total 
Arabidopsis mRNA, we used a microarray to 
analyze a transgenic line overexpressing the 
single transcription factor HAT4 (8). Fluo- 
rescent probes representing mRNA from 
wild-type and HAT4-transgenic piano were 
labeled with fluorescein and lissamine, re- 
spectively; the two probes were then mixed 
and hybridised to a single array. An intense 
hybridisation signal was observed at the 
position of the HAT4 cONA in the lissa- 
mine -specific scan (Fig. ID), but not in the 
fluorescein-specific scan of die same array 
(Fig. 1C). Calibration with AChR mRNA 
added to the fluorescein and lissamine 
cDNA synthesis reactions at dilutions. of 
1:10,000 (Fig. 1C) and 1:100 (Fig. ID), 
respectively, revealed a 50-fold elevation of 
HAT4 mRNA in the transgenic line rela- 
tive to its abundance in wild-rype piano 
(Table 2). This magnitude of HAT4 over- 
expression matched that inferred from the 
Northern (RNA) analysis within a factor of 
2 (Fig. 2 and Table 2). Expression of all the 
other genes monitored on the array differed 
by less than a factor of 5 between HAT4- 
transgenic and wild-type piano (Fig I, C 
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Flfl. 2. Gene expression monitored with RNA 
(Northern) btoi analysis. Designated amounts of 
mRNA from wild-type and HAT^ransgenic 
plants were spotted onto nyton membranes and 
probed with the cONAs indicated. Purified human 
AChR mRNA was used for calibration. 
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and D, and Table 2). Hybridization f flu- 
onace in-labeled glucocorticoid receptor 
cDMA (fig. 1C) and lissamine-labeled 
TRP4 cDNA (Fig. ID) verified the pres- 
ence of die negative control targes and the 
lack of optical cross talk between the two 
fluorophoreft* 

T explore a more complex alteration in 
expression patterns, we performed a second 
two-color hybridisation experiment with 
fluorescein- and lissamine-labeled probes 
prepared from root and leaf mRNA, respec- 
tively. The scanning sensitivities tor the 
two fluorophores were normalised by 
matching the signals resulting from AChR 



*Propriatary mqu*io» of StraUgan* (La Jotta. Cafflomta). 



mRNA, which was added to both cDNA 
synthesis reactions at a dilution of 1:1000 
(Fig. 1 , E and F). A comparison of the scans 
revealed widespread differences in gene ex- 
pression between root and leaf tissue (Fig. 1, 
E and F). The mRNA from the light-regu- 
lated CABl gene was —500-fold more abun- 
dant in leaf (Fig. IF) than in root tissue 
(Fig. IE). The expression of 26 other genes 
differed between root and leaf tissue by 
more than a factor of 5 (Fig. 1, E and F). 

The HAT4 -transgenic line we examined 
has elongated hypocoryls, early flowering, 
poor germination, and altered pigmentation 
(8). Although changes in expression were 



t No match in tie database; ncvei EST. 



observed tor HAT4, large changes in ex- 
pression were not observed for any of die 
other 44 genes we cream rn/d, This was 
somewhat surprising, particularly because 
comparative analysis of leaf and root tissue 
identified 27 differentially expressed genes. 
Analysis of an expanded set of genes may be 
required to identify genes whose expression 
changes upon HAT4 overexpression; alter- 
natively, a comparison of mRNA popula- 
tions from specific tissues of wild-type and 
HAT4 -transgenic plants may allow identi- 
fication of downstream genes. 

At the current density of robotic printing, 
it is feasible to scale up the fabricaoon pro- 
cess to produce arrays containing 20,000 
cDN A targets. At this density, a single array 
would be furTicient to provide gene-specific 
targets encompassing nearly the entire rep- 
ertoire of expressed genes in the Anbidopas 
genome (2). The availability of 20,274 ESTs 
from Arabidcpris (1 , 9) would provide a rich 
source of templates tor such studies. 

The estimated 100,000 genes in the hu- 
man genome (10) exceeds the number of 
Arabadopm genes by a factor of 5 (2). This 
modest increase in complexity suggests that 
similar cDNA microarrays, prepared from 
the rapidly growing repertoire of human 
ESTs (J), could be used to determine the 
expression patterns of tens of thousands of 
human genes in diverse cell types. Coupling 
an amplification strategy to the reverse 
transcription reaction (//) could make it 
feasible to monitor expression even in 
minute tissue samples. A wide variety of 
acute and chronic physiological and patho- 
logical conditions might lad to character- 
istic changes in the patterns of gene expres- 
sion in peripheral blood cells or other easily 
sampled tissues. In concert with cDNA mi- 
croarrays for monitoring complex expres- 
sion patterns, these tissues might therefore 
serve as sensitive in vivo sensors for clinical 
diagnosis. Microarrays of cDNAs could thus 
provide a useful link between human gene 
sequences and clinical medicine. 

Table 2. Gene expression monitoring by rnicroar* 
ray and RNA blot analyses; tg, HA 74 -transgenic. 
See Table 1 tor additional gene information. Ex- 
pression levels (w/w) ware cetorated with the use 
of known amounts of human AOtt mRNA. Values 
for the microarrey were Determined from micros/- 
ray scans (Rg. 1); values tor the RNA blot were 
determined from RNA blots (Fig. 2). 
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Table 1. Sequences contained on the cDNA mtoroarray. Shown is the position, the known or putative 
functwn, and the accesscri number of 1). AH but three of the ESTs used 

in this study matched a sequence h the database. NAOH. reduced form of nicotinamide adenine 
otaucJeotide; ATPase, adenosine triphosphatase; GTP, guanosne triphosphate. 
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100*0 lor 1 irin. rinsed h 0.1% SOS. and treated 
«rth 005% ajcdnic enhydride prepared in buffer 
oonaktsip of 50% 1 ■matfiyt-2 -p y rr c idnone and 
50% boric add. ThacONA on thea*dee*as dene- 
turad h dotflad *eter lor 2 min at 90"C kiwnatiaMf 
before usa Mcroanayt warn scanned w«h a taser 
fluofaacant acannar that contained a computar-torv 
ooafdXVa^andan«0oaomobjaeSn«Antt(ad 
pas. mutfsne laser stowed sapiential axdtationof 
the two fluorophoraa. Emitted Ight was apflt accord- 
Kj to » e votangthond detaaad wrfo two photorru- 



of a 12-W anatoo-to-digrial board. Additional dataai 
alHiu a e nv f f« rjnc* tj onand use mey beoStajned by 
maana of a-fflai ftibfOwnOgngnt atanrorcladu). 
4. F. M. Aututo* ec at. Ed*.. Orrao/ Protect* n Mo- 
facufcr Bbtopy (Greene & Wiey toersciance, Naw 
York. 1994), pp. 4.3.1-4.3.4. 

tota? IMA wUh tha usa of 0*potex«<fT resin pepon). 



v*n a StrataScrtpl RT-PCR kit (Stratapww) mooted 
as tosows: 50-ai reactions contained 0.1 |tp/|iJ of 
AmoxJbpafe mRHA. 0.1 np/»J of human AChfl 
mRNA. O05 i*p/»J of c*po<dT) (21-mar). ix bat 
strand buHer, 003 U/»d ot rtonucfcsose block. 500 
»JU cSaoaryodenoaine b^hoaphsta aSATPj, 500 »M 
deoxypuanoana ^phosphate . 500 pM dTTP, 40 
tM ovaaxycytosna triphosphate (dCTP), 40 •> 
orasoarvlS'dCTP (or taerrane-e-dCTT^, and CUD 
LV»J ol StrsaScript rwrw traneaicGasa. 



athanot, and fsauapandad in 10 pi of (10 mM tte- 
HQ and 1 mM BDTA. pH fJ.0). Samples wara than 
heated lor 3 min at 94«C andcrtaad on tea. fha RNA 
was oapradad by addhg CL25 W of 10 N NaOH 
taaowad by a 10-mti incubation at 3rC Tha aan> 
ptaa wars nauirabad by addttion of »J o* 1 M 
totoO tpH at) and 025 |il ot 10 N HO and praop- 
tetad win athanot Paaata wara waanad with 70% 
otnanou ansa to ixrnpiauon n a apaaorK, iaur 
pandad in 10 a* ofHjD. and nKl i pad 10 3 .0 yi *\ a 
ap aoo va c ftjQfSBoant n u daoc i oa anab pj wam ob* 
tainad from Naw Enpbnd Nuotear (DbPonQ. 

6. Hybn^aationfaaclionsoanttinad t Jaiof toascant 
cONAawsnasa product (5) and 1 j0 iJorr^OrtQlzation 
buftar (10x aaana aodUn csrata (SSO and 02% 
SCQ. Tha 2JCHU proba mfaduaa wara alopotadonto 
tha mooanay atftaca and covarad wtn cow flaps 
(12 mm round). Arrays wara ti a n al anad to a hyprid- 
tzation cnarnbar p) and ncubatad for 18 hours at 
©*Q Array* wara vw^hadtar 6 rhn at room tampar- 
atum C5*C) >n tuw strrsjarcy waahbuffar (ix SSC 
and ai% SOS. •>»■»> tor 10 min at room tamparatura 
n n^Hwgw^ vmfr txjflBr (0.1 x SSCandai% 
SOSJ. Anays warn scannadhaix SSC wfth tha un 
o(afkjc«ancaaawr^car»w^o*«^ 

7. San^ofpory(AJ*ritf^H.5)wanjspottadonto 
nyton Hiaicxanea (Nytran) and oro aa fri ka d with ti- 
travtalat fpht wttt tha usa of a Stratamkar 1600 
(Stratagana). Prooas wara praparad by random 
prMnp with tha usa of a Prlma-fl I kit <Su*iapana)in 
tns prwwaof P*^dATP. Hytorkflzaboni wart car- 
nad ou aooorojnp to tha instructiona ol the menu- 



tactLfsr. Ouandtition was partormad on a Rtoa* 
pnortnapar (Mowoiar OyrarWca^. 
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Gene Therapy in Peripheral Blood 
Lymphocytes and Bone Marrow for 
ADA" Immunodeficient Patients 

Claudio Bordignon,* Luigi D. Notarangelo, Nadia Nobili, 
Giuliana Ferrari, Giulia Casorati, Paola Panina, Evelina Mazzolari, 
Daniela Maggioni, Claudia Rossi, Paolo Servida, 
Alberto G. Ugazio, Fulvio Mavilio 

Adenosine deaminase (ADA) deficiency results in severe combined Immunodeficiency, 
the first genetic disorder treated by gene therapy. Two different retroviral vectors were 
used to transfer ex vivo the human ADA minigene into bone marrow cells and peripheral 
blood lymphocytes from two patients undergoing exogenous enzyme replacement ther- 
apy. After 2 years of treatment, long-term survival of T and B lymphocytes, marrow cells, 
and granulocytes expressing the transferred ADA gene was demonstrated and resulted 
in normalization of the immune repertoire and restoration of cellular and humoral immunity. 
After discontinuation of treatment, T lymphocytes, derived from transduced peripheral 
blood lymphocytes, were progressively replaced by marrow-derived T cells in both pa- 
tients. These results indicate successful gene transfer into long-lasting progenitor cells, 
producing a functional multiiineage progeny. 



Severe combined immunodeficiency asso- 
ciated with inherited deficiency of ADA 
(J) is usually fatal unless affected children 
are kept in protective isolation or the im- 
mune system is reconstituted by bone mar- 
row transplantation from a human leuko- 
cyte antigen (HLAMdentical sibling donor 
(2). This is the therapy of choice, although 
it is available only for a minority of patients. 
In recent years, other forms of therapy have 
been developed, including transplants from 
haploidentical donors (3,4), exogenous en- 
zyme replacement (5), and somatic-cell 
gene therapy (6-9). 

We previously reported a preclinical mod- 
el in which ADA gene transfer and expression 
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successfully restored immune functions in hu- 
man ADA-deficient (ADA*) peripheral 
blood lymphocytes (PBLs) in immunodefi- 
cient mice in vivo (JO, II). On the basts of 
these preclinical results, the clinical applica- 
tion of gene therapy for the treatment of 
ADA* SCID (severe combined immunodefi- 
ciency disease) patients who rjreviously tailed 
exogenous enzyme replacement therapy was 
approved by our Insriruoonal Ethical Com- 
mittees and by the Italian National Commit- 
tee for Bioethics (12). In addition to evaluat- 
ing the safety and efficacy of the gene therapy 
procedure, the aim of the study was to define 
the relative role of PBLs and hematopoietic 
stem cells in the long-term reconstirurion of 
immune functions after retroviral vector-me- 
diated ADA gene transfer. For mis purpose, 
two structurally identical vectors expressing 

' the human ADA complementary DNA 
(cDNA), distinguishable by the presence of 

. alternative restriction sites in a nonfunctional 
region of the viral long-terminal repeat 
(LTR), were used to transduce PBLs and bone 
marrow (BM) celb independently. This pro- 
cedure allowed identification of the origin of 
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